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Summary 
1. The impacts of climate-induced environmental changes on freshwater biodiversity are not 
well understood in Arctic regions.  
2. We quantified water source contributions (meltwater, groundwater), environmental habitat 
conditions and benthic macroinvertebrate community dynamics in northwest Svalbard. The 
aim was to use contemporary findings to infer how future environmental change may affect 
these Arctic river ecosystems.  
3. Water source dynamics played an important role in influencing environmental habitat 
conditions; meltwater contributions to flow were related significantly to discharge, channel 
stability, electrical conductivity and pH.  
4. Low regional benthic macroinvertebrate diversity relative to other Arctic regions was 
attributed to harsh winter conditions and biogeographical dispersal constraints associated with 
the Svalbard archipelago.  
5. Generalised estimating equation and multivariate ordination models showed benthic 
macroinvertebrate diversity and abundance were influenced significantly by several 
environmental habitat variables. Rivers in non-glacierized basins typically supported more 
diverse and abundant communities than those in glacierized basins, most likely as a 
consequence of the warmer water temperature and less disturbed habitat conditions associated 
with these systems.  
6. Consequently, shifts in water source contributions driven by changes in climate may alter 
environmental habitat conditions in Svalbard rivers and could lead to an increase in 
abundance and diversity among some freshwater macroinvertebrate communities.  
 
 
Introduction 
The Arctic contains some of the most inhospitable habitat available for freshwater biota due to severe 
environmental conditions imposed by high seasonality, intermittent flow regimes, short summers and 
long, cold winters (Lods-Crozet et al., 2001; Prowse et al., 2006; Avila-Jimenez et al., 2007; Danks, 
2007). Ongoing and future environmental changes in high-latitude regions are expected to have strong 
impacts on Arctic freshwater biodiversity (Prowse et al., 2006; Wrona et al., 2006; Vincent et al., 
2011) due to changes in water source contributions to river flow (Blaen et al., 2013) which may alter 
aquatic habitat conditions and thus community dynamics, as observed previously in alpine regions 
(Brown et al., 2007a). In particular, changes in water temperature are likely to impact strongly on 
benthic macroinvertebrate community dynamics (Lods-Crozet et al., 2001). Arctic riverine 
ecosystems may be useful and sensitive indicators of environmental change because community 
development in such harsh environments is strongly deterministic due to the overriding dominance of 
physical factors (Milner et al., 2008; Brown and Milner, 2012). However, freshwater biota in many 
Arctic regions has been relatively understudied in comparison to lower-latitude areas, and the 
potential response of these river ecosystems to future hydrological change is not well understood. 
Glacier-fed rivers in high-latitude regions are physically-dynamic systems that exert strong selective 
forces directly on aquatic biota through a combination of cold water temperature, unstable channel 
morphologies, sediment abrasion, ice scour and seasonal freezing (Milner et al., 2001; Huryn et al., 
2005; Wrona et al., 2006). In contrast, rivers derived from non-glacial sources (e.g. groundwater; 
snowmelt; rainfall runoff) are characterised typically by warmer water temperature, lower suspended 
sediment concentration (SSC) and greater channel stability (Ward, 1994; Prowse et al., 2006; Blaen et 
al. 2012). Many non-glacier-fed Arctic rivers support increased abundance and diversity within 
macroinvertebrate communities relative to glacier-fed rivers (Craig and McCart, 1975; Gíslason et al., 
2000; Gíslason et al., 2001; Parker and Huryn, 2011), particularly where perennial flows from springs 
provide overwintering refugia (Ward, 1994). Such research indicates that rivers dominated by 
groundwater flow are important for Arctic river biodiversity because they often contain more 
favourable habitat conditions than rivers sourced primarily from snow and glacier meltwater (Ward, 
1994; Huryn et al., 2005).  
Previous studies from lower-latitude alpine regions have quantified links between water source 
contributions (i.e. meltwater, groundwater), habitat conditions and benthic macroinvertebrate 
communities (Brown et al., 2007b; Brown et al., 2009). Decreases in the proportion of river flow 
comprised of meltwater are associated generally with increases in aquatic macroinvertebrate 
abundance and diversity, although some cold-stenotherms may be vulnerable to meltwater reduction 
(Brown et al., 2007a). Despite their low alpha diversity, cold glacier-fed headwater rivers in alpine 
areas can harbour unique benthic macroinvertebrate taxa that are important contributors to regional 
biodiversity (Jacobsen et al., 2012), but much less is known of whether this is also true of Arctic river 
ecosystems. The response of benthic macroinvertebrates in Arctic rivers to future environmental 
change may differ markedly from those in lower-latitude regions because whereas rapid shrinkage and 
disappearance of glaciers in alpine areas may reduce aquatic diversity (Jacobsen et al., 2012), 
warming and associated glacier retreat at the northern end of species‟ ranges may increase habitat 
availability for benthic macroinvertebrate communities and enhance biodiversity in Arctic river 
ecosystems (Vincent et al., 2011). From a conservation viewpoint, understanding the key 
environmental and hydrological drivers of benthic macroinvertebrate community structure could 
assist in the development of models to predict the response of these freshwater ecosystems to future 
climate warming (Milner et al., 2009; Ormerod, 2009), particularly if water source contribution or 
water temperature „optima‟ can be identified for individual species (cf. Brown et al., 2007b). 
However, such information is currently lacking for high-latitude river basins. Given the potential for 
rapid environmental change in northern regions (McBean et al., 2005), quantifying linkages between 
dynamic water source contributions, river habitat conditions and freshwater biota in Arctic rivers is 
needed to achieve an integrated understanding of how these systems might respond to shifts in 
environmental conditions induced by climate change.  
These research gaps are addressed herein by presenting results from a study conducted in Svalbard 
during the 2010 and 2011 meltwater seasons. The aim was to quantify changes in conceptual water 
source (meltwater, groundwater) contributions to flow, habitat conditions, and benthic 
macroinvertebrate communities across several river basins of varying glacierization to infer how 
changing environmental conditions may affect these Arctic river ecosystems in future. The following 
hypotheses were tested: 
(I) decreased meltwater contributions will result in increased water temperature, EC and 
channel stability and lower SSC; 
 
(II) decreased meltwater contributions will result in increased abundance and diversity of 
benthic macroinvertebrate communities, and; 
 
(III) water source contribution and water temperature optima can be identified for individual 
macroinvertebrate taxa.  
 
Methods 
Study area 
Field data were collected near the Ny Ålesund research station on the Brøgger peninsula (79º N, 12º 
E) in north-west Svalbard (Figure 1). Rivers in the area are sourced primarily from a combination of 
glacier and snow meltwater runoff and hillslope groundwater. Sampling was undertaken from 6 July 
to 30 August 2010 and from 5 July to 30 August 2011 in two primary study areas: the Bayelva basin 
and the Stuphallet cliffs area (Figure 1). For a comprehensive description of the local environment see 
Blaen et al. (2012) 
 
Site selection 
Seven sites were selected to characterise water source dynamics, environmental habitat conditions, 
and benthic macroinvertebrate community dynamics. Three sites in the Bayelva basin were selected to 
provide a range of glacial influence over which to evaluate environmental conditions near the Vestre 
Brøggerbreen glacier snout (V1), along the river mainstem (V2), and at the Bayelva river mouth (BR). 
Glacier-fed sites were chosen to enable comparisons with a previous study of benthic 
macroinvertebrate communities conducted on the Brøgger peninsula (Lods-Crozet et al., 2001). 
Additional sites in the Stuphallet cliffs area (S3; 2010 only) and the wider Bayelva area (N1, N2, N3; 
2011 only) were identified to compare between glacierized and non-glacierized systems (Figure 1; 
Table 1). “V” denotes sites draining Vestre Brøggerbreen, “N” denotes sites fed by non-glacial 
sources in the Bayelva area, and “S” denotes the Stuphallet cliffs area, following nomenclature from 
Blaen et al. (2012). Non-glacierized sites were considered to be representative of the snowmelt and 
hillslope groundwater dominated rivers found in this region of Svalbard.   
 
 
Water source dynamics 
Hydrochemically-based end-member mixing analysis was used to separate river discharge into two 
conceptual water source components: (i) meltwater derived from snow and glacial ice melt, and (ii) 
shallow hillslope groundwater transmitted to the river channel primarily via subsurface flow through 
the active layer (Christophersen and Hooper, 1992; Blaen et al., 2013). Water samples for each river 
reach were filtered through Whatman GF/F 0.7 µm papers and frozen within 6 h of collection. Snow, 
ice and hillslope seep groundwater samples were collected in the basin above each selected study 
reach and processed in the same manner. Dissolved Si concentrations were determined by the 
molybdosilic acid method (APHA, 2002). Si concentrations were used to proportion river discharge 
into meltwater and groundwater components, with meltwater characterised by low Si concentration 
(<0.01 mg l
-1
) and groundwater by high Si concentration (0.4-2.4 mg l
-1
). Separate estimates were 
produced for different sampling dates and results expressed as a proportion of total river flow. For 
more detailed information on water source partitioning methods see Blaen et al. (2013). 
 
Environmental habitat variables 
River stage at all sites except BR was monitored every 15 min using a combination of Level TROLL 
100 (In-Situ Inc., CO), TruTrack (NZ) WT-HT, and Druck (NY) PDCR 1840 pressure transducers 
and Campbell Scientific (UK) CR10X dataloggers. Stage data were converted to discharge using site-
specific rating curves derived from salt dilution gauging (Hudson and Fraser, 2005). Discharge at site 
BR was measured by a compound crump weir maintained by the Norwegian Water Resources and 
Energy Directorate (NVE). Water column temperature was measured every 15 min using Tinytag 
Underwater dataloggers (Gemini Data Loggers (UK) Ltd.) and Campbell Scientific 107 thermistors 
and CS547A electrical conductivity probes connected to CR10X dataloggers. Additional spot 
measurements of electrical conductivity and pH were acquired using a Hannah Instruments (UK) 
98129 handheld probe. Suspended sediment concentration was calculated from manual gulp samples 
(500 ml) filtered onto pre-weighed papers, dried at 60 ºC for 48 hrs, and reweighed. Channel stability 
at each site was assessed using the bottom component of the Pfankuch Index (Pfankuch, 1975), where 
lower values represent greater channel stability. This measure of channel stability was used because it 
is applicable across a wide discharge range and facilitates comparisons between all selected study 
sites, in contrast to more detailed measures of substratum size or shear stress which would not have 
been attainable at glacier-fed sites due to high river flows for the majority of each summer sampling 
period. Five replicate samples of periphyton were scrubbed from cobbles, filtered onto papers and 
frozen until analysis. Cobbles were photographed in the field and projected cobble area quantified 
using ImageJ software (Rasband, 2012). This methodology was considered appropriate because field 
observations showed cobbles in all study reaches to be planar in nature with algal growth occurring 
only on the flat upper surface. Chlorophyll a (mg m
-2
) was determined using a Helios Gamma 
spectrophotometer (Thermo Fisher Scientific, UK) following extraction in 90% acetone for 24 h at 20 
ºC and acidification to correct for pheophytin content (Steinman et al., 2006). Bed sediments (d50) in 
each reach were characterised by the mean b-axis lengths of 100 randomly selected stones.  
 
Benthic macroinvertebrates 
Benthic macroinvertebrate samples were collected from river sites every two weeks in 2010. In 2011, 
samples were collected every four weeks due to logistical constraints. Five replicate samples of river 
macroinvertebrates were collected using a 0.09 m
2
 Surber sampler with a 250 μm mesh on each 
sampling date. High flows at glacier-fed sites in the Bayelva basin prevented sampling from deeper 
pool habitats; therefore, for uniformity we restricted sampling to riffle areas across all sites. 
Individuals were preserved in 70% ethanol and later sorted in the laboratory. The majority of 
collected taxa were Chironomid larvae which were identified to species level where possible. Other 
taxa were identified to family level. Random subsampling was used where abundance exceeded 60 
individuals per replicate sample (Lods-Crozet et al., 2001). Chironomids were slide mounted and 
identified using various keys (Rossaro, 1980; Wiederholm, 1983; Oliver and Roussel, 1983; Stur and 
Ekrem, 2011).  
 
 
Data analysis 
Replicate macroinvertebrate samples were pooled to reduce the effects of patch-scale variability on 
inter-reach comparisons of community structure (Brown et al., 2007b), resulting in a total sample of 
300 individuals per sampling occasion. Pooled data were used to determine alpha diversity 
(taxonomic richness), spatial and temporal beta diversity (Whittaker, 1972; total taxonomic richness 
for each site or sampling date divided by pooled replicate sample taxonomic richness -1, where lower 
values indicate higher beta diversity), total abundance, Shannon diversity index, and evenness. 
Relationships between water source dynamics, environmental habitat variables and macroinvertebrate 
abundance and diversity metrics were explored using generalized estimating equations (GEE). These 
models explicitly allow for autocorrelation between data acquired from the same site on multiple 
sampling occasions through the incorporation of a compound correlation structure (Hardin and Hilbe, 
2002; Zuur et al., 2010). Poisson distributions were used to facilitate analysis on response variables 
that were discrete or not normally distributed (Ballinger, 2004). Variance inflation factors (VIF) were 
used to assess colinearity between each explanatory variable used in the models. Variables with the 
highest VIFs were removed iteratively until all VIFs were <3 (Zuur et al., 2010). Optimum model 
selection was conducted by removing explanatory variables and applying an analysis of variance 
(ANOVA) test to the model outcome. Model evaluation was performed by calculating a marginal R² 
value which represents the variance in the response variable explained by the fitted model (Ballinger, 
2004). Validation of models was performed by examining residual plots for homogeneity and 
independence (Hardin and Hilbe, 2002; Zuur et al., 2010). Non-metric multidimensional scaling 
(NMDS) was used to examine relationships between water source contribution, environmental habitat 
variables and macroinvertebrate community structure. NMDS was performed based on Bray-Curtis 
dissimilarities using log10(x+1) abundance data with 100 random starts to avoid the risk of local 
optima (Soininen, 2004). Environmental variables were log10 transformed and fitted as vectors in the 
ordination space (1000 permutations). Variables correlated significantly with the ordination were 
added to the output plot. Meltwater optima (proportion of meltwater at which abundance peaks) and 
tolerance (one standard deviation around the optimum) for macroinvertebrate taxa were calculated 
using a weighted average transfer function with inverse deshrinking and bootstrap cross-validation 
(100 cycles). Water temperature optima were also calculated in a similar manner. Statistical tests were 
conducted using SPSS version 19.0 (SPSS Inc., Chicago IL). GEE modelling was performed using the 
geepack package (Halekoh et al., 2006) and ordinations were performed using the Vegan package for 
R (Oksanen et al., 2007), with significance set at p<0.05. Weighted average transfer functions were 
calculated using C
2
 version 1.7.2 (Juggins, 2011). 
 
 
Results 
Water source contributions and environmental habitat variables: characteristics and relationships 
Hydrochemically-informed end-member mixing analysis indicated that mean meltwater contributions 
from glacier and snowmelt accounted for between 89% (site V1, day 226, 2010) and 29% (site N1, 
day 241, 2011) of total river discharge in the selected study reaches (Table 1). Meltwater 
contributions to sites V1, V2 and BR in the glacierized Bayelva basin were high, particularly during 
2010, and decreased marginally downstream with distance from the glacier. In non-glacierized basins, 
rivers were sourced to a lesser extent from meltwater contributions which typically comprised <60% 
mean total flow. Discharge in glacier-fed rivers was 1-2 orders of magnitude greater than flows in 
non-glacierized systems. SSC was below detectable limits in non-glacier-fed rivers. Mean water 
temperature, EC and channel stability were higher in non-glacierized river basins, and increased with 
distance from source in glacier-fed rivers, but pH was higher in glacier-fed rivers. In the Bayelva river 
basin, mean chlorophyll a concentration was greatest near the Vestre Brøggerbreen glacier (site V1) 
and decreased longitudinally downstream in both years. Chlorophyll a concentrations in non-
glacierized river basins showed greater variability, ranging from 71 mg m
-2
 at site S3 in 2010 to 2 mg 
m
-2
 at site N2 in 2011 (Table 1). GEE models showed meltwater contributions were significantly 
negatively related to EC and positively related to discharge, pH and Pfankuch Index (Marginal R²: 
0.14-0.45, p<0.05; Table 2). 
 
 
Influence of water source and environmental habitat conditions on benthic macroinvertebrate 
community structure 
Chironomidae dominated benthic macroinvertebrate community structure at all sites and mean 
abundance ranged from 446 individuals m
-2
 (site N2) to 1558 individuals m
-2
 (site N1) (Table 3). 
Diamesinae were the major chironomid sub-family at all sites. Orthocladiinae were absent from site 
V1 at the snout of the Vestre Brøggerbreen glacier but their abundance increased both downstream 
and in rivers in non-glacierized basins (Table 3). Oligochaeta and Collembola typically comprised 
<10% of total mean abundance. Overall mean diversity was low and ranged from 2 at site V1 to 15 at 
site N2 (Figure 2a). Mean taxonomic richness, spatial and temporal beta diversity, Shannon diversity 
and evenness increased longitudinally downstream from the glacier snout and were higher in most 
non-glacier-fed rivers (Figure 2a, 2c, 2d, 2e and 2f), but total abundance showed no clear pattern 
between sites (Figure 2b).  
GEE models showed alpha diversity was significantly positively related to water temperature and 
negatively related to pH, bed sediment d50 and log10 chlorophyll a (Marginal R²=0.72, p<0.05; Table 
4). Total abundance, spatial and temporal beta diversity were significantly negatively related to bed 
sediment d50, and Shannon diversity was significantly positively related to water temperature and 
negatively related to pH and bed sediment d50 (Table 4).  
Multivariate NMDS analysis showed a two-dimensional solution (stress=0.135) was most appropriate 
because additional dimensions resulted in only minor changes in stress. Discharge was the only 
environmental variable significantly correlated with the ordination (r=0.41, p<0.05). Meltwater 
contribution was not included, although this variable exhibited covariance with discharge (r=0.49, 
p<0.05). Many species showed a preference for higher discharge (Figure 3). Diamesa cinerella gr./ 
zernyi gr. were located towards the negative („low discharge‟) end of axis 1 of the NMDS, whereas 
other Diamesinae and most Orthocladiinae taxa clustered towards the positive („high discharge‟) end. 
 
Water source contribution and temperature optima for macroinvertebrate taxa 
Meltwater flow proportion optima for individual taxa ranged from 0.8 ±0.2 (Orthocladius 
eudactcladius) to 0.3 ±0.2 (Diamesa latitarsis gr., Metriocnemus cf. eurynotus and Collembola) 
(Table 5). There was no difference in meltwater optima between Diamesinae and Orthocladiinae taxa. 
Water temperature optima were also defined clearly: D. cinerella gr./zernyi gr. exhibited the lowest 
water temperature optimum (2.6 ±2.0 ºC) and Orthocladius sp B gr. and Paratanytarsus spp. the 
highest (7.5 ±1.4 and 6.4 ±1.1 ºC, respectively) (Table 5). The mean water temperature optimum for 
Diamesinae was 0.7 ºC lower than for Orthocladiinae. Negative correlations were observed between 
meltwater contribution optima and tolerance (r=-0.47, p=0.05) and water temperature optima and 
tolerance (r=-0.45, p=0.05). 
 
Discussion 
This research aimed to quantify relationships between water source contributions, environmental 
habitat variables and benthic macroinvertebrate communities in Svalbard rivers. Significant 
relationships were observed between meltwater contribution and several physicochemical variables, 
suggesting that water source influenced habitat quality in these river systems. Of these variables, 
however, only pH was related to benthic macroinvertebrate community metrics and GEE results 
showed water temperature and bed sediment size were better predictors of community dynamics. A 
weighted average transfer function identified clear water source and water temperature preferences for 
most taxa, and also suggested that taxa associated with high meltwater contributions and cold water 
temperature may be resilient to climate warming. 
 
Relationships between water source contribution and environmental habitat variables 
The strong influence of water source (i.e. glacier runoff, snowmelt, groundwater) on environmental 
conditions in headwater rivers is well documented (Ward, 1994; Malard et al., 2000; Brown et al., 
2003; Ilg and Castella, 2006; Parker and Huryn, 2011), but it is only recently that relationships have 
been drawn between quantitative estimates of water source contribution and aquatic habitat variables 
(Brown et al., 2007b; Brown et al., 2009). Meltwater-dominated flow regimes can result in highly 
unstable habitats due to high variability in runoff and sediment loads (Wrona et al., 2005). In contrast, 
groundwater-fed rivers are often characterised by less variable flow regimes (Prowse et al., 2006; 
Blaen et al., 2012). In our Svalbard study rivers, significant relationships between meltwater 
contribution and several habitat variables supported the first hypothesis of the study by indicating 
water source contribution played a major role in influencing environmental habitat conditions. 
Pfankuch Index decreased with reduced meltwater contribution and SSC was negligible in non-
glacier-fed rivers, suggesting that rivers sourced largely from groundwater create less disturbed 
habitat conditions than rivers dominated by meltwater (Milner et al., 2001; Parker and Huryn, 2011). 
Increases in EC and decreases in pH associated with reduced meltwater contributions support this 
hypothesis because ionic enrichment most likely reflects solute acquisition from active layer soils 
during subsurface flow (Cooper et al., 2002; Hodson et al., 2002; Blaen et al., 2013), while declines 
in pH are associated with soil development in proglacial areas (Anderson et al., 2000). 
Warmer water temperature in headwater streams in high-latitude or mountainous areas has often been 
considered synonymous with reduced glacial influence and increased flow contributions from non-
glacial water sources (Ilg and Castella, 2006; Brown et al., 2007b; Füreder, 2007). However, in this 
study no significant relationship was observed between water source contribution and water 
temperature. River thermal regimes in Svalbard are often closely related to incoming solar radiation 
(Blaen et al., 2012). Therefore, these results suggest that the influence of water source contribution on 
water temperature in this region of Svalbard is not as great as in rivers in lower-latitude regions. 
However, the geographical limitation of our study means that the selected study sites may not be 
representative of rivers elsewhere in the archipelago.  
Some of the highest concentrations of chlorophyll a were recorded at site V1 in close proximity to the 
Vestre Brøggerbreen glacier with subsequent decreases in concentration downstream. Most previous 
studies in Arctic and alpine rivers have documented minimal algal development near glacier snouts 
due to high turbidity, shear stress and unstable substrate (Uehlinger et al., 1998, Lods-Crozet et al., 
2001). Similar physical conditions were observed in this study: the lowest channel stability and 
highest bed sediment size were recorded in both years at site V1, although SSC increased 
longitudinally downstream because of sediment delivery from the proglacial sandur (Hodson et al., 
1998). Consequently, it is possible that high algal growth at this site may arise due to relatively high 
width:depth ratios near the glacier snout resulting in greater light availability than further downstream 
(supported by field observations), combined with a low but consistent supply of dissolved inorganic 
nutrients from glacial drainage (Hodson et al., 2005).  
 
Benthic macroinvertebrate community relationships with water source contributions and 
environmental habitat variables 
Water source contribution was not a significant predictor of macroinvertebrate community metrics, 
but sites in non-glacierized basins with a low proportion of meltwater had both greater taxonomic 
richness and abundance than those in glacierized river basins. Previous studies of river ecosystems in 
this region of Svalbard have also suggested chironomid communities are more diverse in non-glacier-
fed systems (Lods-Crozet et al., 2001; Marziali et al., 2009). Importantly, several chironomid taxa 
were found only at sites in non-glacierized river basins (e.g. Metriocnemus cf. eurynotus, 
Paratanytarsus spp.). These taxa are associated with more stable habitat conditions (Armitage et al., 
1995), indicating that non-glacier-fed river systems may play an important role in supporting regional 
macroinvertebrate biodiversity in northwest Svalbard. Similar observations have also been made in 
some alpine, sub-Arctic and Alaskan rivers where spring-fed systems often support greater 
macroinvertebrate taxon richness and abundance than glacier-fed rivers (Ilg et al., 2001; Gíslason et 
al., 2000; Gíslason et al., 2001; Parker and Huryn, 2011). In Svalbard, this finding most likely reflects 
the less harsh physico-chemical habitat conditions associated with reduced meltwater contributions to 
rivers in non-glacierized basins (Füreder et al., 2001; Brown et al., 2007b), thus leading to partial 
support for the study‟s second hypothesis.  
Bed sediment size was an important predictor of macroinvertebrate community dynamics as shown by 
GEE analysis. The smallest sediment sizes (5-10 mm) were recorded in non-glacier-fed rivers and 
were most likely attributable to the less variable flow regimes associated with these river systems 
(Parker and Huryn, 2011; Blaen et al., 2012). Finer bed sediments may promote macroinvertebrate 
community development by attenuating variability in water temperature and flow velocity (Crossman 
et al., 2011), thereby providing refugia from habitat disturbance in hyporheic zones. Ordination 
analysis showed community composition was also related to discharge, which covaried with 
meltwater, where most species were associated with higher discharge. This would initially appear 
counter-intuitive given that non-glacier-fed rivers with lower flow volumes supported the greatest 
taxonomic richness. However, longitudinal increases in discharge, abundance and diversity between 
site V1 adjacent to the glacier snout and sites V2 and BR further downstream may have had a 
disproportionate effect on the ordination analysis which masked finer community variations in non-
glacierized rivers. Similarly, high algal growth at site V1 contrasted with lower growth further 
downstream and is likely to explain the negative relationship found by GEE analysis between alpha 
diversity and chlorophyll a concentration. However, this relationship could also be a product of top-
down control by chironomid communities regulating rates of algal accrual in warmer rivers (cf. Sturt 
et al., 2011), although such effects have not been documented previously in Arctic rivers. 
Strong relationships between water temperature and alpha and Shannon diversity demonstrated the 
importance of thermal habitat conditions in structuring riverine communities in this area of Svalbard. 
Such relationships suggest water temperature plays a more significant role in determining community 
structure than water source contribution, although both variables are interlinked to some extent (Blaen 
et al., 2012). While variations in water source reflect influences on environmental habitat conditions 
(Brown et al., 2003), water temperature is a more physiologically-meaningful variable which has been 
considered previously to be one of the most important environmental variables in explaining patterns 
in the distribution and abundance of chironomid taxa in European glacier-fed headwater rivers 
(Castella et al., 2001; Lods-Crozet et al., 2001; Milner et al., 2001). The results of this study imply 
that this may also be the case for both glacial and non-glacial rivers in this region of Svalbard. 
 Macroinvertebrate abundance at glacier-fed sites (409-993 individuals m
-2
) was similar to those 
observed in other Arctic headwater rivers, although abundances at non-glacier-fed sites (259-1193 
individuals m
-2
) were substantially lower. For example, Parker and Huryn (2011) reported mean 
densities of 356 ± 126 individuals m
-2
 for a glacier-fed river in Alaska, but up to 67781 ± 16740 
individuals m
-2
 for a spring-fed river. Similarly, Friberg et al. (2001) reported densities of <20 
individuals m
-2
 in a glacier-fed river in Greenland but over 4000 individuals m
-2
 for a groundwater-fed 
channel, while Gíslason et al. (2001) observed no macroinvertebrates adjacent to an Icelandic glacier 
snout but densities >10000 downstream where the proportion of glacial meltwater contributing to bulk 
discharge was <20%. Therefore, low macroinvertebrate abundance and diversity appear to be 
common to many Arctic rivers with high glacial inputs because few species are adapted to the cold 
water temperature and high disturbance levels which characterise these environments (Milner et al., 
2001). However, whereas Milner et al. (2001) predicted successive colonisation of taxa with 
increasing water temperature, taxa in this study were solely Chironomidae, Oligochaeta and 
Collembola even in relatively warm non-glacier-fed rivers (i.e. >5ºC). The limited abundance and 
diversity observed in non-glacier-fed rivers in Svalbard most likely reflects the harsh winter 
conditions and biogeographical isolation of this high-latitude archipelago (Coulson et al., 2002; 
Prowse et al., 2006).  
Large annual air and water temperature fluctuations and a short meltwater season impose strong 
selection forces on Arctic riverine biota (Coulson, 2000; Brittain et al., 2009). Furthermore, unlike 
some Alaskan Arctic spring-fed systems (Parker and Huryn, 2011), surface runoff on the Brøgger 
Peninsula is absent from late September to early June (P. Blaen, unpublished data). Seasonal break-up 
and freeze-up events are highly dynamic and exert strong physical controls on river systems (Prowse 
and Brown, 2010). Accordingly, the diversity of many Arctic benthic communities is relatively low 
because few species possess the necessary traits required to survive in such conditions (Huryn et al., 
2005; van der Wal and Hessen, 2009). The contrast in macroinvertebrate communities between 
continental European glacier-fed rivers and those in Svalbard is highlighted in a conceptual model 
(Figure 4) which demonstrates how additional taxonomic families do not colonise even relatively 
warm and stable river habitats in north-west Svalbard due to climatic and biogeographical constraints 
(Milner et al., 2001; Coulson et al., 2002). Comparative observations of benthic macroinvertebrate 
communities have also been made in Iceland (Gíslason et al., 2001) where, like Svalbard, riverine 
environments contain only a small proportion (<5%) of the aquatic insect diversity of mainland 
Europe, which is presumed to be due primarily to geographical isolation effects (Gíslason et al., 
2001).   
 
Water source and water temperature optima for benthic macroinvertebrates 
Meltwater contribution optima for many taxa were defined clearly, leading to the acceptance of the 
third study hypothesis. Over half the taxa collected had meltwater contribution optima >50%, 
reflecting the strong influence of snow and ice runoff on ecosystems in the study rivers. Taxa 
preferences for water temperature were also clear despite the relatively low range of water 
temperature observed in the study (mean: 0.7-7.2 ºC). Several Diamesinae taxa, notably Dimesa 
cinerella gr./zernyi gr., exhibited preferences for high meltwater and colder habitat conditions 
associated with sites in glacierized basins, supporting other studies which have documented this sub-
family as among the first colonisers of rivers following glacial recession (Malard et al., 2003; 
Lencioni, 2004; Brown and Milner, 2012). In contrast, Paratanytarsus spp. and some Orthocladiinae 
taxa were found only in the warmer rivers. A greater range of thermal tolerance was observed among 
species with lower temperature optima, suggesting that species with lower optima were tolerant of a 
wider temperature range than those found in warmer rivers. Combined with our beta diversity results, 
these findings suggest glacier-fed rivers in this region of Svalbard are unlikely to be unique habitats in 
harbouring cold-adapted stenothermic taxa that enhance regional biodiversity, as observed elsewhere 
in the world (e.g. Brown et al., 2007a; Finn et al., 2012), because such organisms are likely to be 
tolerant of thermal conditions in both glacier-fed and non-glacier-fed rivers. For example, the 
temperature optimum for D. cinerella/zernyi gr. (2.6 ±2.0 ºC) indicates these species are capable of 
surviving under the water temperature regimes found in many rivers in non-glacierized river basins, 
and it has been suggested that the temperature optimum for European Diamesa is as high as 6-7 ºC 
(Castella et al., 2001). 
 
Implications for high-latitude freshwater macroinvertebrate communities under a warming climate 
In the context of ongoing glacier recession and future warming in Arctic regions (Anisimov et al., 
2007; Zemp et al., 2009), declining meltwater inputs and increased permafrost wasting are expected 
to result in a progressive shift towards groundwater-dominated river systems (Smith et al., 2007; 
Walvoord and Streigl, 2007; St. Jacques and Sauchyn, 2009). The results of this study support others 
in suggesting these changes in hydrology will modify flow regimes in some riverine environments in 
northwest Svalbard (Hood and Berner, 2009; Milner et al., 2009; Blaen et al., 2012), which in turn 
may result in a general increase in water temperature and channel stability. Given that many insect 
populations in high-latitude regions are believed to be living in conditions cooler than their 
physiological optima (Deutsch et al., 2008), future climate warming and associated changes in river 
environmental habitat conditions could result in greater abundance and alpha diversity among benthic 
macroinvertebrate communities in some Arctic rivers. However, changes in aquatic community 
structure in Svalbard are likely to be mediated by harsh winter conditions and biogeographical 
constraints on biotic interactions which limit northward migration and establishment of insects from 
European and Russian taxa pools (Coulson et al., 2000; Coulson et al., 2002). Therefore, the response 
of river ecosystems to climate change on this high-latitude archipelago may be different to those in 
other Arctic regions. 
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Tables 
 
Table 1 – Mean values (±1 SD) of river habitat variables for monitoring sites.  
Bed sediment 
d 50
mm
2010
V1 0.89 (0.08) 0.77 (0.68) 1.16 (0.54) 0.08 (0.07) 47.93 (14.44) 51 9.05 (0.16) 30 24.37 (7.00)
V2 0.86 (0.11) 0.94 (0.84) 4.32 (1.37) 0.10 (0.08) 62.02 (11.76) 34 8.68 (0.20) 8 18.12 (18.90)
BR 0.84 (0.14) 1.63 (1.46) 3.73 (1.14) 0.18 (0.05) 71.74 (34.18) 48 8.59 (0.15) 20 4.25 (0.29)
S3 0.62 (0.31) 0.03 (0.01) 3.22 (1.89) 0.00 (0) 172.14 (32.57) 16 8.60 (0.18) 5 71.43 (23.56)
2011
V1 0.78 (0.29) 0.78 (0.21) 0.66 (0.39) 0.19 (0.22) 41.03 (7.33) 52 9.06 (0.23) 21 22.15 (13.74)
V2 0.77 (0.06) 1.54 (0.78) 3.40 (0.31) 0.12 (0.13) 55.86 (10.92) 34 8.82 (0.31) 10 19.58 (10.49)
BR 0.80 (0.06) 2.98 (1.15) 4.22 (0.86) 0.14 (0.13) 51.05 (13.46) 45 8.59 (0.39) 17 13.25 (3.26)
N1 0.29 (0.27) 0.04 (0.01) 4.91 (1.08) 0.00 (0) 137.42 (46.36) 22 8.43 (0.26) 10 8.11 (7.32)
N2 0.52 (0.27) 0.01 (0.01) 7.22 (1.26) 0.00 (0) 176.66 (132.71) 15 8.47 (0.09) 8 2.37 (2.06)
N3 0.29 (0.25) 0.07 (0.04) 5.61 (0.75) 0.00 (0) 219.28 (106.56) 30 8.45 (0.16) 10 6.13 (4.76)
Meltwater 
proportion
EC Chlorophyll a
µS cm
-1
mg m
-2
Pfankuch 
Index
pH
Discharge
Water 
temperature
SSC
m
3
 s
-1
ºC g L
-1
 
 
 
  
Table 2 - Generalized estimating equation (GEE) model summary of significant relationships between 
meltwater contribution and river habitat variables. Standard errors are shown in parentheses. 
Response 
variable
Marginal R²
EC 5.523 (0.227) *** -0.015 (0.004) *** 0.45
Pfankuch Index 3.540 (0.121) *** 0.0009 (0.00002) *** 0.28
Discharge -4.344 (1.080) *** 0.054 (0.012) *** 0.24
pH 2.141 (0.005) *** 0.0002 (0.0001) * 0.14
***, ** and * denote significance at 0.001, 0.01 and 0.05 levels, respectively
Intercept Meltwater contribution
 
 
 
  
Table 3 – Mean abundance (±1 standard deviation) of macroinvertebrate taxa (per m2) at monitoring 
sites.  
Site
2010
V1 513 (782) 0 (0) 2 (4) 0 (0)
V2 716 (422) 121 (186) 25 (29) 8 (14)
BR 423 (429) 43 (41) 32 (10) 9 (9)
S3 1147 (879) 393 (421) 55 (27) 1 (1)
2011
V1 993 (1103) 0 (0) 0 (0) 0 (0)
V2 978 (467) 573 (971) 171 (133) 2 (2)
BR 409 (496) 51 (56) 24 (10) 5 (1)
N1 1193 (1407) 366 (326) 123 (25) 144 (199)
N2 259 (211) 187 (154) 64 (32) 151 (176)
N3 401 (371) 73 (108) 201 (97) 41 (30)
Diamesinae Othocladiinae Oligochaeta Collembola
 
 
 
 
  
Table 4 – Generalized estimating equation (GEE) summary of relationships between environmental 
habitat variables and macroinvertebrate community metrics. NS denotes no significant model was 
found. Standard errors are shown in parentheses. 
Response variable Marginal R²
Alpha diversity 6.127 (1.529) *** 0.103 (0.029) *** -0.458 (0.179) * -0.035 (0.012) ** -0.004 (0.002) * 0.72
Abundance 6.611 (0.210) *** -0.043 (0.011) *** 0.14
Beta diversity (spatial) -1.215 (0.541) * 0.108 (0.017) *** 0.24
Beta diversity (temporal) -1.005 (0.310) ** 0.042 (0.013) ** 0.16
Shannon index 4.712 (1.612) ** 0.088 (0.015) *** -0.515 (0.196) ** -0.024 (0.010) * 0.70
Evenness NS
***, *** and * denote significance at 0.001, 0.01 and 0.05 levels, respectively
Chlorophyll aIntercept d50Water temperature pH
 
 
 
  
Table 5 – Meltwater contribution and water temperature optima and tolerance values for 
macroinvertebrate taxa. Results are ordered by meltwater contribution optima. 
Optimum Tolerance Optimum Tolerance
O. eudactcladius 0.84 0.16 4.41 1.19
Orthocladiinae spp. 0.83 0.12 4.39 1.09
D. cinerella gr./zernyi  gr. 0.71 0.20 2.59 2.02
D. cf. bohemani 0.67 0.24 5.01 1.32
D. aberatta gr./bertrami  gr. 0.67 0.25 4.12 1.99
Orthocladius sp A gr. 0.66 0.23 3.68 1.62
Diamesa spp. 0.64 0.25 3.79 2.20
Cricotopus spp. 0.60 0.26 4.63 1.47
O. rivicola 0.58 0.20 4.58 1.59
C. piger 0.55 0.22 5.87 0.75
Limnophyes spp. 0.55 0.17 4.80 1.19
Thienemannia spp. 0.53 0.17 4.45 1.01
Paratanytarsus spp. 0.51 0.14 6.38 1.14
Orthocladius sp B gr. 0.50 0.25 7.50 1.41
Oligochaeta 0.49 0.26 4.67 1.66
D. sp A gr. 0.45 0.26 4.92 1.50
Chaetocladius dentiforceps 0.39 0.23 5.04 1.45
Metriocnemus cf. eurynotus 0.35 0.20 4.78 2.08
Collembola 0.34 0.28 6.10 1.65
D. latitarsis gr. 0.33 0.26 5.42 1.31
Water temperature (ºC)Meltwater (proportion)
 
 
  
Figures 
 
Figure 1 – Map of study area showing sampling sites, approximate river courses, relief (shaded), spot 
height measurements in meters asl, and glacier cover (dashed areas). 
 
 
  
Figure 2 – Bar charts showing a) Taxonomic richness, b) Abundance, c) Evenness, d) Beta diversity 
(spatial), e) Beta diversity (temporal) and f) Shannon index. Abundance is shown log10(x+1) 
transformed for clarity. Error bars show SE.  
 
 
 
  
Figure 3 – Non-metric multidimensional scaling (NMDS) ordination plots of a) sites and significant 
environmental variables, and b) macroinvertebrate taxa. „O‟ and „D‟ denote Orthocladius and 
Diamesa, respectively. 
 
Figure 4 – Conceptual model describing the likely first appearance of benthic macroinvertebrate taxa 
in European glacier-fed rivers and northwest Svalbard rivers as a function of water temperature and 
channel stability (modified from Milner et al., 2001) 
 
 
